Glycine max L. Merr., (soybean) is one of the major crops in the United States, south America and Asia. Yet, the seed yield of soybean is significantly reduced due to Heterodera glycines (Ichinohe), the soybean cyst nematode (SCN). SCN is one of the most destructive pests and pathogens of soybean because the main methods for control have proven difficult. Lineages of soybean that are resistant to SCN have been developed but it is yet unknown what all the molecular causes of this resistance are. Rhg1 and Rhg4 loci are two of about 10 loci that underlie resistance. The Rhg4 locus, is required for resistance to SCN race 3 in 'Peking'-type derived resistances. One gene in the locus has been isolated and a causative link shown, but the surrounding regions have not been fully analyzed. Focusing on the Rhg4 locus, this study was aimed at uncovering other potential causes of resistance of soybean to SCN. In a bioinformatic analysis of the Rhg4 locus, alleles of nine genes were analyzed. The set of large intergenic regions have key regulatory elements in them. Since partial resistances are often multigeneic, some of these nine genes could be candidates for causing and regulating resistance.
Introduction
SCN or soybean cyst nematode (Heterodera glycines Ichinohe,) is one of the most destructive pests of Glycine max L. Merr. (soybean) worldwide (Matthews, 2004; Kurle et al., 2015; Yu Q. 2015) . Due to the importance of G. max as an agricultural crop in the United States, the need for better management of SCN-infested fields is pronounced, as crop yield can be reduced by up to 80% in the presence of SCN in a field (Smolik and Draper, 2007; Kazi et al., 2017) .
Two loci involved in resistance to SCN, are rhg1 and Rhg4 Liu et al., 2011) . Both rhg1 and Rhg4 combine to encode resistance to the same type of SCN race 3, HgType0 2013; Liu et al., 2012) . Rhg4 encodes resistance (Brucker et al., 2005; Liu et al., 2012) only in the 'Peking' -type of resistance that is the chief subject of this study.
Among the resistant lines that have been developed, none have been fully sequenced (Schmutz eet al., 2010) . Among the partially sequenced resistant cultivars is 'Forrest' (unpublished) that was used extensively in this study. The cultivars used that were susceptible to H. glycines were 'Williams 82' [GenBank: EF623856] and 'Asgrow 3244' [GenBank: GP062386.1]. Deletions in these sequences can be seen (Zatserklyana, 2015; Tuteja and Vodkin 2008; Hauge et al., 2009a,b) , introducing the problem of three sequences possibly not aligning correctly during genome mapping and recombination events. The origin of the Forrest cultivar was from the Peking lineage of soybeans (Hartwig and Epps 1973; Liu et al., 2009) . Peking is a semi-wild, or semi-domesticated, black seeded G. max. The Forrest cultivar was derived from Peking lineage by introgression, of CNVs, SNPs, insertions and deletions at both the rhg1 and Rhg4 loci (Cook et al., 2012; Liu et al 2012; Srour et al., 2012) .
Forrest cultivar sequence derived from two BAC libraries using BamHI and HindIII enzymes (Meksem et al., 2000) . The construction of BAC libraries and the physical map helped put the fragmented genome sequence of Forrest together (Shultz et al., 2006) . Although the Forrest cultivar library and the BAC libraries for the Asgrow 3244 and the Williams 82 susceptible cultivars were available, complete BAC libraries did not exist for either cultivar (Wu et al., 2004) . Wu et al. (2004) reported a complete physical map from three BAC libraries derived from the Forrest cultivar. As the BAC libraries created complement each other, they expanded the number of clones used soybean genome analysis.
The Williams 82 susceptible cultivar, in contrast, arose largely through intra-cultivar genetic heterogeneity following or during introgression of phythophtora resistances (Haun et al., 2011) . Not all the genes at or near or in the Rhg4 locus have had their functions discovered (Yi et al., 2010 ; Center for Integrative Genomics 2017; . Among those that have is CHS7, which is the seventh gene in the chalcone synthase family, a hydroxyl-proline serine transferase and the I gene for seed coat color.
The difficulty in fully mapping the Rhg4 locus and the molecular markers associated with it arises out of HgType variability, genomic variability in the soybean and the very small distance between this locus and I locus of less than 0.01cM (Weisemann et al., 1992; Lewers et al., 2001; Wu et al., 2011) . This relatively small genomic distance between the loci makes it difficult to map the Rhg4 locus relative to the I locus at high resolution (Weisemann et al., 1992) . For rhg1 and Rhg4 loci, both mapping and annotation are necessary to fully elucidate the full set of causes of resistance to all HGTypes of SCN. Genetic mapping alone may not be sufficient to show this (Lewers et al., 2002) . The annotation to date has shown extensive duplications that have taken place in BAC 56G2, the BAC where the Williams 82 Rhg4 susceptible sequence is located (Lewers et al., 2002) . Here, nine genes were found in a BAC derived from Forrest that aligned poorly with Williams 82 sequences, some of which could be candidates for causing and regulating resistance. Further, large variations in intergenic regions were present that could have key regulatory elements within them.
Materials and Methods
BAC sequences from Forrest, Asgrow 3244, and Williams 82 soybean cultivars, and BLASTn, tBLASTx, tBLASTn, BLASTp, ORF Finder, and GeneMark.hmm were used. Sequence from Forrest cultivar was provided by Dr. Lightfoot from a BAC sent to JCVI for sequencing. The other cultivar sequences were obtained through BLAST searches from NCBI (used for Asgrow 3244) and Phytozome (for Williams 82). The nucleotide BLAST program at NCBI was run to differentiate between the two files containing the Forrest sequence. The alignment of each of the files containing the Forrest sequence separately gave the accession number of the BAC Williams 82 sequence. It was the accession number of the BAC Williams 82 sequence that was used in the alignments.
BLAST and ClustalW were used to do multiple alignments. With the BLASTn program, the alignment was being shown as broken up into sections. After the large gaps were found, Needleman-Wunsch was used to complete the alignment. Completing the alignment included trimming the Williams 82 56G2 BAC sequence to the length of the Forrest BAC (92 kbp) and doing alignments with the trimmed Williams 82 56G2 BAC sequence.
Pairwise alignments and ORF Finder were used to search for genes and for what could be genes in the Rhg4 region. The pairwise alignments were done using BLASTn, tBLASTx, and tBLASTn (McGinnis and Madden, 2004; Ye et al., 2006; Johnson et al., 2008) GeneMark.hmm and BLASTp were used in annotating the Forrest B100B10 BAC sequence. GeneMark.hmm was used to predict the genes that are located on the Forrest B100B10 sequence using the GFF mechanism of the program and having GeneMark.hmm give the protein sequences as part of the output. BLASTp was then used to look for the possible amino acid changes in the protein sequence.
Results

InDels and SNPs
All the insertions and deletions were looked at in Forrest in comparison to both susceptible cultivars and to either of the susceptible cultivars as was the case in the region of alignment where Williams 82 and Asgrow 3244 overlap (Supplementary Table 1 ). This was the region from 850 bp to 7,466 bp.
Longer Insertions and Deletions
The region of alignment between the Forrest and Williams 82 sequences showed a protein coding region (1,284 -5,720 bp) in the deletions in Forrest (Supplementary Table 1 ). Out of the 1603 amino acids in this protein, nineteen amino acids were deleted from Forrest in the process of the Forrest cultivar becoming resistant to SCN. Sixteen of the nineteen deleted amino acids were nonpolar and hydrophobic, suggesting that this protein lies somewhere in one of the membranes in the cells. More than sixty percent of the deletions where codons have been deleted from the Forrest cultivar were more AT rich than GC rich (Table 1) .
Outside of the protein-coding region in the stretch of DNA where Forrest and Williams 82 align, this becomes a pattern. 99.8% of the deletions in this region are AT rich. It is possible these deletions result from Forrest cultivar undergoing mutation while being strongly selected for resistance to SCN during backcrossing. Table 2 shows the deletions and how AT rich they are over the entire Forrest-Williams 82 region.
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SNPs
The distribution of SNPs forms a more or less normal distribution through the Forrest-Williams 82 and the Forrest-Asgrow 3244 aligned DNA. In the same region (through the 92.5% of the region of DNA where the Williams 82 sequence and the Asgrow 3244 sequence align), the number of the insertions and deletions in SNPs differ by whether a nucleotide is a purine or a pyrimidine. A few SNPs that are insertions are found in pyrimidine nucleotides, the opposite is seen with the SNPs that are deletions (Table 3) . However, when the alignment of Forrest B100B10 BAC DNA sequence and Williams 82 56G2 BAC DNA sequence was analyzed, there were 508 SNPs that are result of a single nucleotide substitution.
There is great diversity between the Forrest B100B10 BAC DNA sequence and the Williams 82 56G2 BAC DNA sequence. Graphically, in the alignment between the Forrest B100B10 BAC DNA sequence and the Williams 82 56G2 BAC DNA sequence the two sequence appear to align well in small regions ( Figure  1-2) . Analysis of this alignment, by BLAST, showed the alignment as sections with gaps. Hence the need for Needleman-Wunsch alignments. 
Needleman-Wunsch
With the subrange for the Query and Subject sequences set to 10 kbp for the first nine sub-regions, and then to 1336 bp the tenth sub region, the Needleman-Wunsch algorithm was able to make the alignment. Between 1 and 200 bp, 201 and 400 bp, 1 and 1000 bp, 90,001 and 94,336bp there were many gaps in 51  96314  96318  5  40  52  96447  96451  5  100  53  97284  97288  5  60  54  97315  97319  5  60  55  97411  97415  5  80  56  97864  97868  5  80  57  97965  97969  5  60  58  98330  98334  5  0  59  98704  98708  5  60  60  98752  98756  5  80  61  98881  98885  5  60  62  100834  100838  5 , 84232 C to T, 84239 G to C, 84242 C to T, 83245 C to A, 84251 G to T, 84257 C to T, 84260 A to G, 84265 T to A, 84279 G to A, 84287 T to G, 84290 A to C, 84302 A to C, 84308 T to C, 84326 C to A, 84335 T to C, 84337 T to C, 84340 A to C, 84386 C to A, 84395 T to C, 84397 T to A, 84416 T to C, 84504 C to G, 84520 G to T, 84534 A to G, 84552 T to A, 84563 A to C, 84574 C to T, 84584 C to G, 84589 T to C, 84590 C to G, 84611 T to C, 84621 T to C no amino acid changes the alignment (Figures 3-5) . Alignments inferred the exact (already known) location of Rhg4 gene 
ORF Finder
An unknown was how many of the deleted or inserted codons (Table 1) were in the coding region of proteins. In total, in the Forrest B100B10 BAC sequence the ORF Finder found 327 ORFs (open reading frames), six of which are greater than 1,000 bp in length (Figure 6 ). One open reading frame was similar to serine hydroxyl-methyl serine transferase mRNA (1,317 bp for the open reading frame and 1,416 bp for the mRNA) but was incomplete on the BAC.
Annotation
Another unknown was which SNPs, caused changes in the amino acid sequences. GeneMark.hmm predicted ten genes within the Forrest B100B10 BAC DNA sequence, but manual annotation inferred there were nine genes in the Forrest B100B10 BAC DNA sequence, as genes 2 and 3 may be one gene. In contrast to the large number of SNPs that were found in the Forrest B100B10 BAC DNA sequence that are the result of single nucleotide substitutions, the number of amino acid changes and the number of SNPs in the nine coding regions were 56 and 40, respectively. The results of the GeneMark.hmm prediction of genes in the Forrest B100B10 BAC DNA sequence and BLASTp, along with the SNPs and amino acid changes were shown in Table 3 .
Discussion
Forrest cultivar sequence resistant to H. glycines and the susceptible Asgrow 3244 and Williams 82 cultivar sequences were used in this project. Deletions in these sequences can be seen (Tuteja and Vodkin 2008; Hauge et al., 2009a,b; Zatserklyana, 2015) which can caused the cultivar sequences to not align correctly, partly because the cultivars retain heterologous regions (Haun et al., 2011) and partly because BACs are single alleles cloned from within that variation. Multiple sequence alignments and Needleman-Wunsch Global Alignments were the key tools in the project.
A deleted peptide was noted and the size of insertions and/ or deletions was notably larger compared to the alignment around Rhg1 (Hemmati et al., 2017) . Transposons often cause indels and may be responsible for altering the degree and type of SCN resistance. In the Rhg4 region are predicted to be nine genes, four of which are genes with predicted functions (heat stress transcription factor A-5-like isoform X2, putative pentatricopeptide repeat-containing protein At1g12700 mitochondrial isoform X2, microfibrillar-associated protein 1, and anthocyanidin 3-O-glucoside 5-O-glucosyltransferase 1-like; Figure 6 ). 
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The major gene at the Rhg4 region was at the end of the Forrest BAC sequence, a serine hydroxymethyltransferase. It is a gene proven to be involved in the resistance of soybean to SCN Lakhssassi et al., 2012; . This study confirmed those earlier findings and showed the complexity of the introgressed region. Strong selection pressures on wild and semi-domesticated soybeans to develop resistance to SCN were inferred (Han et al 2016) .
